To gain information on the evolution of mammalian gene expression patterns, we studied the androgen-inducible expression of three kidney mRNAs in several mouse species (genus Mus). The RP2, ornithine decarboxylase, and P-glucuronidase mRNAs have each evolved independently, in that the pattern of variation among species is unique for each. This suggests a role for gene-specific, c&acting genetic elements. Relationships between the regulatory phenotypes and the species phylogeny suggest that the variations in hormone-inducible mRNA expression were generated by a series of independent mutations that occurred in specific lineages, resulting in modifications of the progenitor phenotype. Alternatively, the variations may have preexisted within the progenitor population as polymorphisms that were fixed during establishment of individual lineages. Thus, significant alterations in the androgen-regulated mRNA phenotype have occurred either prior to or during speciation within the Mus genus. These alterations are presumed to be in regulatory sequences that control the expression of the corresponding genes and their response to testosterone; as such, they should be useful in further studying the genetic determinants of gene expression and its evolution.
Introduction
An important consequence of the evolutionary process is the modification of gene expression. Presumably this occurs through mutational changes in critical regulatory sequences and generates diverse patterns of gene expression among closely related species (Paigen 1979; Dickinson 1980; Batterham et al. 1984 ). An important goal of evolutionary studies is the identification and characterization of such sequences.
The mouse (genus MUS) has proved useful in the analysis of gene expression. A large number of inbred and wild-derived strains and species are available (Callahan and Todaro 1978; Chapman et al. 1979; Ferris et al. 1983; Bonhomme et al. 1984; Bonhomme 1986 ), representing a pool of variation that has accumulated during -10 Myr of evolution. Indeed, marked variations in expression of renin in the submaxillary gland (Dickinson et al. 1984) , of al-antitrypsin in the kidney (Berger and Baumann 1985) , of the major urinary proteins in the liver (Sampsell and Held 1985) , and of lysozyme in the small intestine (Hammer and Wilson 1987) have been identified in Mus, developments indicating extensive interspecies diversity within the genus.
We have been studying the mouse kidney as a model of mammalian gene expres-sion and its evolution. In the kidney, testosterone elicits hypertrophy of proximal tubule cells that accompanies induction of a number of gene products, including pglucuronidase (GUS) (Swank et al. 1978; Watson et al. 198 1 ) , omithine decarboxylase (ODC) (Seely et al. 1982; Isomaa et al. 1983; Seely and Pegg 1983) , and alcohol dehydrogenase (Ceci et al. 1986 ). These increases are kidney specific and are generated at the mRNA level (Palmer et al. 1983; Berger et al. 1984; Kontula et al. 1984; Ceci et al. 1986 ). Other androgen-inducible mRNAs, denoted RP2 and KAP, have been identified (Toole et al. 1979; Berger et al. 198 1; Watson et al. 1984; King et al. 1986 ), but the protein products of these mRNAs have not been fully characterized. Recent studies indicate that the mRNA inductions are generated predominantly at the posttranscriptional level (Berger et al. 1986 ).
To date, most studies have dealt with laboratory strains of M. domesticus. Recently we examined RP2 mRNA expression in wild-derived Mus species and found that the extent of induction by testosterone differs among the species (Tseng-Crank and Berger 1987) . We have extended these studies to include analysis of interspecies variation in the androgen inducibilities of the ornithine decarboxylase and P-glucuronidase mRNAs. Our results indicate that the variations in expression of these mRNAs do not correlate in any simple way with each other or with the phylogeny of the Mus species. The implications of these findings are discussed. All mice were at least 8 wk of age. Hormone treatment consisted of implanting 30-mg pellets of testosterone subcutaneously 7 days before killing the mice; a half pellet was used for M. minutoides.
Material and Methods Animals

Probes
The RP2 probe was the 1,150-bp cDNA insert of plasmid pMK908 (Berger et al. 198 1) . The ODC probe was a 700-bp fragment of cDNA plasmid pODC934 (Berger et al. 1984) . The GUS probe was a 1,050-bp cDNA fragment of cDNA plasmid pGA-1 (Watson et al. 1985) , which was supplied to us by G. Watson. DNA fragments were purified on preparative agarose gels and labeled by nick-translation (Rigby et al. 1977) in the presence of a-32P-dCTP (3,000 Ci/mmol; New England Nuclear).
Extraction and Analysis of Nucleic Acids
Total kidney RNA for gene expression studies was isolated by the guanidineHCl procedure of Cox (1968) according to a method decribed by Labarca and Paigen 1977) . DNA for gene analysis was from liver and was extracted and purified according to a method described by Sampsell and Held (1985) . Dot-blot analysis of RNA was done using a filtration manifold (Scleicher and Schuell). Samples were denatured in 2.2 A4 formaldehyde and 50% formamide and spotted onto nylon membranes (Hybond-N; Amersham). Hybridization to the appropriate nick-translated probe was at 65 C for 12-16 h in a solution containing 0.06 M sodium citrate (pH 7.0), 0.6 it4 NaCl, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin, 0.02% Ficoll, 0.2% sodium dodecyl sulphate, and 200 pg denatured herring-sperm DNA/ml; blots were washed in 0.03 M sodium citrate (pH 7.0), 0.3 M NaCl, 0.2% sodium dodecyl sulphate at 65 C and observed by autoradiography. For Southern blotting, DNA samples ( 10 l.tg) were digested with EcoRI, fractionated on 1.0% agarose gels, transferred to nylon membranes, hybridized to the appropriate nick-translated probe, and observed by autoradiography. Conditions for hybridization and washing were exactly as described above for dot blots.
Results
The phylogeny of the Mus genus ( fig. 1) has been studied by a number of workers using morphological, paleontological, biochemical, and molecular criteria (Ferris et al. 1983; Bonhomme et al. 1984; Bonhomme 1986 ). The exact order of formation of various lineages and their times of divergence are not precisely known and depend on the parameter measured as well as on the statistical methods used for analysis of data. However, the general consensus is that M. minutoides, M. pahari, and M. saxicola represent lineages that separated early, some 6-10 Myr before the present (Mybp); in fact, Bonhomme (1986) has suggested that these three species are each members of separate genera. The Southeast-Asian species M. caroli, M. cervicolor, and A4. cookii are derived from lineages that formed -3-6 Mybp, and the European species M. domesticus, M. hortulanus, and M. spretus represent lineages that have been separated for only l-3 Myr. A more highly resolved definition of divergence times for the various Mus lineages cannot be made and may not be possible given the nature of A4us evolution (Bonhomme et al. 1984; Bonhomme 1986 ). This leaves a certain level of ambiguity in attempting to define the order of acquisition and/or loss of particular gene expression phenotypes.
In the studies described below, we have analyzed individual animals. This is necessary since the species are not inbred and may display variability from animal to animal. In most cases we have not studied intraspecies variation, so that we do not know whether such variation is genetic. Expression phenotypes for each of the three mRNAs were analyzed in the same animals.
RP2
The RP2 gene, located on chromosome 7 near the Gpi-1 locus (Elliott and Berger 1983) , encodes at least two mRNAs that are expressed in all M. domesticus tissues (Berger et al. 198 1; Snider et al. 1985; Tseng-Crank and Berger 1987) . These mRNAs are induced approximately 1 O-fold following testosterone treatment of female animals (Berger et al. 198 1; Tseng-Crank and Berger 1987) . Analysis of RP2 mRNA expression in Mus species has been reported elsewhere (Tseng-Crank and Berger 1987) and is summarized in table 1. In general, basal RP2 mRNA levels are similar in all species except M. pahari. Inducibility does vary among the species and correlates in general with the phylogeny: maximal inducibility is found in M. domesticus and M. spretus; reduced inducibility is observed in M. hortulanus and in the more divergent species M. caroli, M. cookii, M. cervicolor, and M. saxicola; a complete lack of inducibility is seen in the highly divergent species M. pahari and A4. minutoides. We have proposed elsewhere (Tseng-Crank and Berger 1987 ) that RP2 mRNA induction evolved in a stepwise fashion within the Mus genus, with the appearance of modest inducibility being followed by acquisition of a greater level of response. However, ambiguities in the phylogeny, especially with regard to divergence within the lineage leading to M. domesticus, 44. spretus, and A4. hortulanus and within that leading to M. minutoides, A4. pahari, and M. saxicola, preclude a definitive correlation between RP2 mRNA Androgen-regulated mRNA Expression 45 1 establishment of the individual lineages. This could result in a poor correlation between the species' phenotypes and their phylogenetic relationships. Thus, GUS mRNA inducibility, which does not correlate with the phylogeny of the Mus genus in a simple fashion, may have evolved in such a manner. Others have postulated the fixation of preexisting polymorphisms to explain variations among closely related species (Batterham et al. 1984; Hammer and Wilson 1987) , and several observations lend support to such a model. Wild-derived A4us species are polymorphic; more importantly, similar variant alleles are found in different species (Bonhomme et al. 1984; Bonhomme 1986) . The m and n alleles of the S&z locus are segregating in M. cewicolor as well as in M. domesticus, while the n and p alleles of Es-15 exist as polymorphisms within both M. domesticus and M. cookii (Bonhomme 1986 ). In addition, our recent results indicate that both ii4. caroli and M. domesticus are polymorphic for the insertion of a B 1 element into the 3'untranslated region of the RP2 gene (Tseng-Crank and Berger 1987) . These findings suggest that polymorphisms can be maintained during the speciation process. Intraspecies genetic variation in androgen-regulated gene expression has been well documented, especially for GUS induction within both M. domesticus and A4. castaneus (Paigen 1979; Watson and Paigen 1987) . It is thus possible that species-specific variations in androgen-inducible mRNA expression derive from fixation of polymorphisms that exist in progenitor populations.
It should be emphasized that we have assigned phenotypes based on examination of 3-10 individual animals from each species. Since, as noted above, the species are polymorphic, we cannot rule out that the observed phenotypes are variants that are not representative of the species. The animals we have used were obtained from separate breeding pairs and were collected several times over a 3-year period. Thus it is unlikely that the species-specific variations are a consequence of sampling error. However, it is still formally possible that polymorphisms in gene expression patterns do exist but are not apparent in the mice examined.
Nuclear run-on assays indicate that the androgen-mediated induction of several kidney mRNAs occurs predominantly at the posttranscriptional level (Berger et al. 1986) . In more recent experiments we have been able to measure small, but significant, effects on transcription, a finding suggesting that the inductions may occur at multiple levels (C. Rheaume, personal communication). Several workers have demonstrated that steroid induction of mRNAs can be generated by both transcriptional and posttranscriptional changes (Brock and Shapiro 1983; Paek and Axe1 1987) . The existence of several putative targets for the evolutionary modification of hormonal inducibility phenotypes raises interesting questions regarding the specific alterations that determine the species differences described in the present study. Future experiments will focus on whether the variant phenotypes result from transcriptional or posttranscriptional alterations.
The physiological significance of androgen-inducible gene expression in the mouse kidney is unknown. Thus it is difficult to speculate on which, if any, selective pressures have driven the evolution of this phenotype. Indeed, the results reported in the present study suggest that, if these inductions do serve special functions in the mouse kidney, then in species lacking induction of particular mRNAs the requirement for the corresponding function is either nonexistent or met by other gene products. It is possible that no selection has been exerted on the inducibility of these mRNAs, in which case the interspecies variations reflect the consequences of neutral evolution affecting regulatory elements.
Regardless of the functional significance of androgen induction, the existence of such extensive variability provides opportunities both to identify regulatory elements governing various aspects of gene expression and to delineate the role of these elements in the evolutionary process. Our current efforts are focused on defining the molecular lesions responsible for the interspecies variations.
